Molecular orientational melting within a lead-halide octahedra framework
  - the order-disorder transition in CH3NH3PbBr3 by Brown, K. L. et al.
Molecular orientational melting within a lead-halide octahedra framework - the
order-disorder transition in CH3NH3PbBr3
K. L. Brown,1 S. F. Parker,2 I. Robles Garc´ıa,1 S. Mukhopadhyay,2, 3 V. Garc´ıa Sakai,2 and C. Stock1
1School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, UK
2ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, UK
3Department of Materials, Imperial College London, Exhibition Road, London SW7 2AZ, UK
(Dated: September 28, 2018)
Lead-halide organic-inorganic perovskites consist of an inorganic host framework with an organic
molecule occupying the interstitial space. The structure and dynamics of these materials have been
heavily studied recently due to interest in their exceptional photovoltaic properties. We combine
inelastic neutron scattering, Raman spectroscopy, and quasielastic neutron scattering to study the
temperature dependent dynamics of the molecular cation in CH3NH3PbBr3. By applying high reso-
lution quasielastic neutron scattering, we confirm the [CH3NH3]
+ ions are static in the low temper-
ature orthorhombic phase yet become dynamic above 150 K where a series of structural transitions
occur. This molecular melting is accompanied by a temporal broadening in the intra-molecular
modes probed through high energy inelastic spectroscopy. Simultaneous Raman measurements, a
strictly |Q|=0 probe, are suggestive that this broadening is due to local variations in the crystal
field environment around the hydrogen atoms. These results confirm the strong role of hydrogen
bonding and also a coupling between molecular and framework dynamics.
I. INTRODUCTION
Organic-inorganic perovskites have recently received a
lot of attention due to their potential applications in op-
toelectronics1. These compounds are of the perovskite
structure ABX3, where in this case A is an organic
cation (typically methylammonium (MA: [CH3NH3]
+) or
formamidinum (FA: [HC(NH2)2]
+), though others have
been investigated), B is a metal (Pb or Sn), and X is a
halogen (Cl, Br or I). In particular, MAPbI3 has been
investigated in depth after it was found to have desirable
photovoltaic properties, with thin-film solar panels made
of this material or MAPb(I1−xBrx)3 achieving efficien-
cies of above 20%2–6. The key differences between the
three different halide ions in MAPbX3 (X = I, Br, Cl)
is their nuclear radii. This radius affects the size of the
inorganic cages in which the MA cation sits, and thus
the exact radius of rotation accessible for the molecule.
In the case of Cl, the decreased size of the halide ion
has been linked to the presence of two potential orienta-
tional states of the cation in the low temperature phase,
as opposed to the single orientation found when I or Br is
present instead7–11. The choice of halide anion also has
an impact on the exact optical properties of the system,
and a mixture of anions can be used to tune the band
gap of the system2–5.
The behavior of the organic cation in these hybrid
organic-inorganic compounds is recognized to be key to
understanding their overall properties, including the pho-
tovoltaic properties and how this material can be imple-
mented in solar panel devices5,12,13. Importantly, the
molecule is able to rotate in the perovskite cage, and the
exact nature of this rotation and how it depends on the
structural phase of the system is still yet to be under-
stood. As the temperature is lowered, MAPbBr3 experi-
ences multiple structural phase transitions, driven by the
perovskite rotational modes14–21. At room temperature
MAPbBr3 is cubic (phase I) undergoing a transition to a
tetragonal unit cell (phase II) at 225 K. At 155 K a sec-
ond structural transition occurs into an unknown phase
(phase III) which is fitted by a tetragonal space group,
but believed by some to be incommensurate, with a final
structural transition occurring at 150 K to an orthorhom-
bic unit cell (phase IV). The structure of these phases
was first solved by Poglitsch and Weber, who identified
phase I as being Pm3m, a = 5.90 A˚; phase II as being
I4/mcm, a = 8.32 A˚, c = 11.83 A˚; phase III as being
tetragonal P4/mmm, a=5.89 A˚, c=5.86 A˚; and phase IV
as Pna21, a = 7.97 A˚, b = 8.58 A˚, c = 11.85 A˚ (Ref. 7).
It has been suggested that the motion of the perovskite
cages is strongly coupled with the behavior of the organic
cation17,18,22. It should be noted that MAPbBr3 is struc-
turally identical to MAPbI3 in the cubic phase, however,
MAPbBr3 is found to have different space groups in the
tetragonal and orthorhombic phases (phases II and IV
in MAPbBr3), and displays an additional intermediate
phase, which we refer to as phase III7,21,23–25.
The organic-inorganic perovskites consist of a MA ion
occupying the interstitial sites of a lead-halide frame-
work. The molecules’ centre of mass gives positional
order, however the orientational order depends on the
local bonding and thermal fluctuations. It is tempting
to draw parallels between this and liquid crystals, specif-
ically the melting of the smectic phase to the nematic
phase, though in reality the two systems are not very
similar26. In the nematic phase of liquid crystals there
is an orientational order, but no positional order27,28
whereas in the smectic phase both positional and orienta-
tional order is obtained8–11. The situation in MAPbBr3
is somewhat analogous to the molecular ionic crystals
calcite and sodium nitrate where molecular positions are
fixed by the crystalline lattice, however transitions from
orientational order to disorder occurs with increasing
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2temperatures29,30. Such a transition has been termed
an order-disorder transition and in calcite is character-
ized by a soft vertical “column” of scattering at the zone
boundary29,30; this contrasts with the soft mode which
drives displacive transitions31.
Previous phonon work on MAPbBr3 has identified a
soft zone boundary acoustic phonon which softens at
∼ 150 K and is accompanied by a temporally broad relax-
ational response at high temperatures20. Similar stud-
ies have been performed on MAPbI3
32,33. In this pa-
per, we study the response of the molecular vibrations in
MAPbBr3 through high resolution quasielastic scattering
and simultaneous Raman and inelastic neutron scattering
measurements. We will show that the transition from the
low temperature orthorhombic phase to higher tempera-
ture structures at 150 K is accompanied by an increase in
the number of active, and freely rotating, molecular ions.
This is accompanied by an increase in the linewidth of
the internal molecular motions. This strong coupling be-
tween molecular motions and the PbBr3 framework lat-
tice indicates the importance of hydrogen bonding.
II. EXPERIMENTAL
A powder sample of MAPbBr3 was prepared by the
reaction of stoichiometric amounts of lead acetate and
methylamine hydrobromide in hydrobromic acid, then
evaporating away the excess acid to leave an orange col-
ored precipitate. This precipitate was washed with di-
ethyl ether to remove any residual acid in the sample.
For all measurements discussed below, the sample was
wrapped in niobium foil to protect from reaction of any
residual acid with the outer aluminum sample holders.
Care was taken to always store the sample in a dry at-
mosphere to prevent water absorption or possible degra-
dation. As discussed below, multiple experiments were
performed on different samples with differing thermal his-
tories providing the same results.
High resolution quasielastic measurements probing the
low energy molecular fluctuations were carried out on
IRIS34 at ISIS (Rutherford Appleton Labs, UK), using
PG002 analyzers with a fixed final energy of 1.843 meV
providing a dynamic range of ± 0.5 meV. An empty can
background subtraction was carried out from a measure-
ment performed at room temperature. The resolution
was measured from the base temperature response of the
MAPbBr3 sample, and was found to be 23.8 µeV from
a Gaussian fit (full-width at half-maximum). The IRIS
spectrometer also features a diffraction detector bank at
2θ ∼ 170◦, allowing for simultaneous diffraction data to
be taken for a small range of Q set by the time channel
settings for the quasielastic measurements. This afforded
a measurement of the structural transitions simultane-
ously while measuring excitations.
High energy inelastic neutron scattering measurements
to study the internal molecular motions were carried out
on the MAPS spectrometer35 at ISIS (Rutherford Ap-
pleton Labs, UK), using the high resolution Fermi A
chopper in parallel with a t0 chopper spun at the proton
source repetition rate of 50 Hz to eliminate high energy
neutrons. Three incident energies were used for these
measurements, with different associated Fermi chopper
frequency: 60 meV with 100 Hz chopper; 250 meV with
400 Hz; and 650 meV with 600 Hz. The full-width half-
maximum energy resolutions, at the elastic position, for
these measurements were 2 meV, 6 meV and 16 meV
respectively. Simultaneous to these spectroscopy mea-
surements, Raman spectra were collected using a mod-
ified Renishaw InVia spectrometer36 with a wavelength
of 785 nm. Two gratings of 1200 lines per mm and 1800
lines per mm were used, which provided measurements
of different spectral ranges, giving a total range of 20 to
3200 cm−1 (2.5 to 396.8 meV).
A. Quasielastic Neutron Scattering using IRIS-
Molecular Motions
We first investigate the static structural properties
of our sample using the diffraction detectors on IRIS.
MAPbBr3 experiences four structural phase transitions
between the cubic room temperature phase (phase I)
and the tetragonal phase at base temperature (phase
IV), with phase II being orthorhombic and phase III
being previously identified as both incommensurate and
tetragonal7,23–25. The diffraction data obtained on IRIS,
shown in Fig. 1, can be used to confirm the presence
of two phase transitions: the first at 150 K (IV to III),
the second at 155 K (III to II). Some coexistence can be
seen between the phases, most noticeably just below 150
FIG. 1. The diffraction data obtained on IRIS for MAPbBr3,
showing the phase transitions II to III at 155 K and III to IV
at 150 K. The data was obtained simultaneously while per-
forming quasielastic measurements probing the molecular mo-
tions. The limited range in d spacing is due to the constraints
in time imposed by the inelastic measurements.
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FIG. 2. Examples of the spectra obtained on IRIS at (a)
100 K and (b) 200 K. The black circles show the data points,
the pink line shows the total fit, the blue shows the resolution
delta function and the red shows the dynamical contribution.
The additional increased baseline due to dynamical contribu-
tions outside the dynamic range is not explicitly plotted.
K around 3.4 A˚ and 3.5 A˚. It should be noted that the
extra lines seen only between 147 and 150 K not asso-
ciated with phase II are present at lower temperatures,
but counting times were not long enough to discern them
clearly in the false color image. The range of Q space
available on IRIS is not large enough to substantiate a
structural refinement to allow a comparison to the space
groups found by Poglitsch and Weber7. These measure-
ments confirm the structural transitions and the presence
of an intermediate phase between the orthorhombic and
tetragonal phases in our solution-synthesized samples.
Having confirmed the structural transitions, we now
discuss the molecular dynamics. Because the neutron in-
coherent cross section of H is over an order of magnitude
larger than those of the non-H atoms, the neutron cross
section measured is dominated by H dynamics37. Under-
lying this assumption is the fact that the incoherent cross
section for H is 80.3 barns with the next largest incoher-
ent scatter in MAPbBr3 being N with a cross section of
0.5 barns. We now use this and discuss the low energy
quasielastic data sensitive to molecular motions based on
data taken on the IRIS backscattering spectrometer.
Two example spectra from IRIS are shown in Fig. 2
taken at 100 K and 200 K. The solid red curve is a fit to
the sum of an elastic and dynamic component
S(E) = [Iel + Iqe] = Ielδ(E) +
Idyn
[1 + (E/γ)2]
where 2γ is the full-width at half-maximum of the dy-
namic component, convolved with the measured resolu-
tion function δ(E). The linewidth 2γ was found not to
vary with momentum indicating no measurable diffusion.
This conclusion, and our analysis of the energy linewidth,
is decoupled from the momentum dependence and there-
fore is independent of the model applied to the molec-
ular motion and corresponding Q-dependence discussed
FIG. 3. (a) The variation in width of the |Q| averaged fitted
quasielastic component with temperature. Blue and red data
points are from two separate experiments. (b) Trial fits to the
IEISF (Q) at 150 K. A systematic error for multiple scattering
has been included in IEISF (Q).
below. A plot of how this quasielastic full-width (2γ) av-
eraged across the entire measured |Q| range changes with
temperature is shown in Fig. 3(a), showing an initial
increase, indicative of shortened lifetimes, with increas-
ing temperature followed by a distinct drop at the 150
K phase transition, which only begins to increase again
after ∼160 K. Two separate experiments are plotted in
different colors as the exact temperature of the phase
transition is expected to be dependent on the thermal
history11; here we find the results from our separate ex-
periments agree within error.
It should be noted that, in the fits from which a full-
width 2γ was obtained (examples of which are shown in
Fig. 2), for temperatures above 150 K a second faster
component existed which was too broad to reliably fit
over the ± 0.5 meV dynamic range, and was instead fit-
ted as a constant increased baseline (see Fig. 2 (b) for an
example). This means that a second rotation of shorter
timescale, which is not possible to measure with this in-
strument, is becoming activated at this point and has
an energy scale outside the resolution of the IRIS spec-
trometer. Indeed, work reported in Ref. 20 suggests the
presence of faster fluctuations above the 150 K transi-
4tion with an energy scale on the order meV. This is fur-
ther corroborated by real-time vibrational spectroscopy38
which identifies a fast motion around a particular axis
and a slow “jump-like” motion associated with a molec-
ular dipole reorientation with similar timescales to that
measured at high temperatures by NMR39. Based on
this comparison we conclude that the molecular motions
are crossing over from “wobbling” around a particular
axis to full body motions as temperature is increased.
The assignment of the lower temperature response to a
“wobbling” of the molecular around a particular axis is
also consistent with quasielastic neutron scattering data
taken on the iodine variant40.
We now examine the elastic incoherent structure factor
(EISF)
IEISF (Q) =
Sel(Q)
Sel(Q) + Sqe(Q)
where Sel(Q) and Sqe(Q) are integrated over all energies.
The momentum dependence of the EISF is sensitive to
the real space nature of the equilibrium molecular mo-
tions. In our calculations of the EISF, the intensity of
the elastic peak Sel(Q) is taken as the area underneath
the resolution convolved delta function component of the
fit, and the sum Sel(Q) + Sqe(Q) is taken as the area
underneath the total fit. This means that despite the
fact that the second, broader Lorentzian seen at higher
temperatures is fitted as an increased baseline, it is still
included in the calculations of the EISF. The measured
IEISF (Q) was fitted to a function A(Q) dependent on
the proportion of rotators p and radius of rotation r as
follows:
A(Q) = p+ (1− p)f(Qr)
where f(Qr) is a model chosen for the nature of the
molecular rotation.
A plot of the IEISF (Q) extracted from the data at
150 K is shown in Fig. 3(b), with the fits from multiple
models shown. The expected models to be appropriate
based upon previous studies are the three, four and eight
site jump models9,32,41,42. However, from the results ob-
tained in our experiment, we conclude that the Q-range
constrained by kinematics of the experiment is not suf-
ficient to justify the choice of one model above another.
Instead, the simplest model of a rotation on a spheri-
cal volume was used for our analysis, f(Qr) = [j0(Qr)]
2,
plotted in yellow in Fig. 3(b).
A summary of the temperature dependence, based on
this analysis, is plotted in Fig. 4. In the main panel the
fits for three temperatures are plotted showing that the
model chosen is appropriate for all measurements across
the temperature range. The inset to Fig. 4 shows how
the proportion of rotators changes across the phases, and
once again a clear increase can be seen at the 150 K
phase transition. No increase is seen at the second phase
FIG. 4. The fits to the IEISF (Q) at 100 K, 150 K and 200 K,
using the model of rotation on a spherical surface. The peak
at ∼ 1 A˚−1 is due to contamination from a PbBr3 framework
Bragg peak. Inset: the number of active rotators in the sys-
tem with temperature. Blue and red data points are from
two separate experiments. In the fit the radius of rotation
was allowed to vary, and was found to be between 1.5 and 1.9
A˚, however, as this value is model dependent and sensitive to
multiple phonon scattering, the temperature dependence of
the radius of rotation is not plotted. A systematic error for
multiple scattering has been included in IEISF .
transition, and the proportion of rotators begins to level
out once more after 160 K. The radius of rotation was
allowed to vary freely and was found to be between 1.5
and 1.9 A˚, suggesting that the motions seen here are
of the C-N bond tumbling within the cage. From these
results it is suggested that phase III has more in common
dynamically with phase II than phase IV.
B. High energy inelastic scattering data and
Raman Studies
Previous studies have already characterized the Ra-
man spectra for members of the MAPbX3 family, and the
neutron spectra for MAPbI3
32,33,43–46. While previous
inelastic neutron scattering measurements on MAPbBr3
focussed at low energies below ∼ 75 meV to characterize
the soft modes20, here we apply simultaneous neutron
and Raman spectroscopy between 5 and 550 meV (40
to 4400 cm−1) to investigate the internal molecular vi-
brations and their response to the structural transitions
noted above.
Typical momentum and energy data sets for
Ei = 650 meV obtained from MAPS are displayed in
Fig. 5 at 5, 151, and 240 K. At small momentum trans-
fers, well defined, underdamped in energy modes are ob-
served. This is particularly prominent in panel (a) (5 K)
where a series of sharp excitations are observed below ∼ 8
5FIG. 5. Slices taken from the 650 meV data at the three tem-
peratures discussed in this paper, showing the |Q| dependence
of the intensities measured.
A˚−1 and the intensity grows with increasing momentum
transfer as expected for phonon modes or lattice excita-
tions. At higher momentum transfers, these excitations
broaden in energy and even appear to disperse up in en-
ergy. Given the large momentum transfers, in particular
in comparison to Raman spectroscopy which is a strictly
|Q|=0 probe, we speculate that this region is crossing
over to the deep inelastic region where the impulse ap-
proximation applies and hydrogen recoil effects become
important.
Hydrogen recoil is particularly prominent in neutron
scattering due to the fact that the neutron mass is of
FIG. 6. Slices taken from the 650 meV data at base and high
temperature, showing the 2θ dependence of the intensities
measured. The dashed black lines show the cutoff at 20◦
which was used to remove hydrogen recoil effects.
the same order as that of the hydrogen nucleus, mean-
ing that when the H nucleus is struck at high energies,
it behaves as if it is free. In the extreme limit of large
energy and momentum transfers (as shown in Ref. 47 for
polyethylene) the energy position of the hydrogen recoil
scales as Q2 with the maximum energy transfer occurring
when 2θ = 90◦. In our data, hydrogen recoil effects ap-
pear as a broadening of the signal in the energy at larger
momentum transfers, and scattering angle 2θ and this is
illustrated in Figs. 5 (plotted as a function of |Q|) and 6
(plotted as a function of 2θ) with an incident energy of
Ei= 650 meV.
In analyzing our neutron data and comparing it with
Raman spectroscopy, a balance between minimizing con-
tamination from recoil effects and obtaining enough
statistics for a meaningful spectra had to be established.
We therefore chose to integrate the data in 2θ in the range
of 0◦ to 20◦ which was found not to result in broadening
of the inelastic response, while providing enough statis-
tics. The region of integration is shown in Fig. 6. Hav-
ing discussed how we obtained the neutron spectra, we
now discuss the results and compare with Raman spec-
troscopy.
Figure 7 show the data collected at base temperature
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FIG. 7. The results from MAPS at 60, 250 and 650 meV in
the orthorhombic phase at base temperature (5.3 K). Raman
data is shown in red; inelastic neutron scattering data in blue.
(5 K in the orthorhombic phase) for both Raman and
also neutron spectroscopy discussed above. The peak po-
sitions from the Raman data agree well with that found
in previous studies, particularly that of Leguy et al., at
base temperature, and as such we shall use their assign-
ments of the Raman modes32,43–46. The peak positions in
energy from Raman and neutron spectroscopy at high en-
ergies (Ei=250 and 650 meV) show good agreement, with
the neutron spectroscopy data being broader in compari-
son as a result of instrumental resolution. However, there
is a clear difference between the neutron spectroscopy
and Raman spectra in the low energy area, a regime
dominated by modes linked to the rotation of the PbBr3
octahedra, and the lurching of the MA molecule48. Such
low-energy modes are highly dispersive throughout the
Brillouin zone and, while Raman probes the modes at
|Q|=0, the neutron spectra performs a momentum av-
eraging S˜(Q,E) = 14pi
∫
dΩS( ~Q,E) due to the powder
nature of the sample. With lattice vibrations that vary
considerably with momentum, a larger difference is there-
fore expected between Raman and neutron spectroscopy.
The higher energy modes in Fig. 7 are linked to in-
tramolecular motions, such as: the stretching and breath-
ing of intramolecular bonds; and the bending of the
C-N bond. Such motions are internal to the molecule
and therefore do not disperse strongly with momentum.
All of the bending and stretching modes, as well as the
mode for the breathing of the C-N bond, occur between
120 meV and 200 meV, whereas the C-H and N-H breath-
ing modes are higher energy, occurring between 350 meV
and 400 meV32. These modes show good agreement be-
tween neutron and Raman techniques.
Results at temperatures above the transition from an
orthorhombic phase are shown in Figs. 8 and 9 for 151 K
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FIG. 8. The results from MAPS at 60, 250 and 650 meV in
the incommensurate/tetragonal phase (151 K).
and 240 K respectively. When comparing this to the data
taken at base temperature, a large broadening in energy
of all excitations is observed in the neutron response in-
dicative of a shortened lifetime. Both Raman and neu-
tron spectra show a large temporal broadening at low
energies (below 50 meV) in agreement with previous neu-
tron and Raman spectra32,33. This broadening was pre-
viously linked to the onset of fast molecular relaxational
dynamics20. These results, particularly those at ener-
gies below 60 meV, also confirm the faster relaxational
timescale present at high temperatures postulated above
based on high resolution quasielastic scattering, which
lead to an increased flat background in the quasielastic
scattering at temperatures greater than approximately
150 K. We note that the fast molecular motions dom-
inate the neutron cross section over modes associated
with the inorganic cage48 at these temperatures owing
to the dominant neutron cross section discussed above37.
For the higher energy modes, while the peak positions
are in general agreement between neutron and Raman
data, the temperature dependence of the linewidths is
different. The neutron and Raman results show a differ-
ence with the neutron response displaying a broadening
with increased temperature and also a broadening over
Raman spectra taken over a comparable energy range.
This is illustrated in Table I which displays the temper-
ature variation of the full width at half maximum for
the peak at 113 meV (915 cm−1). This peak was cho-
sen due to it’s clear separation from other peaks at all
temperatures, and has been identified to be linked to the
rocking motions of the MA cation48. Both neutron and
Raman peaks at low temperature are resolution limited.
The peak measured with neutrons broadens to ∼ 10 meV
while the Raman peak broadens only to ∼ 3 meV.
One reason for this increased broadening in the neu-
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FIG. 9. The results from MAPS at 60, 250 and 650 meV in
the cubic phase (240 K).
TABLE I. The full width at half maximum of the peak at
113meV (915cm−1) for three temperatures.
FWHM of 113meV peak (meV)
Temperature 5.3 K 151 K 240 K
Neutron 5.122± 0.151 8.253± 0.968 10.176± 2.872
Raman 1.057± 0.019 2.474± 0.040 2.710± 0.090
tron response could be due to the possibility of multi-
ple phonon scattering which effectively folds in scatter-
ing from larger scattering angles resulting from the large
neutron cross section of hydrogen. We investigate the
possibility of such an effect in Fig. 10 where we plot the
momentum dependence of the neutron response over the
range of 175-200 meV as a function of Q2. This energy
range has been chosen for presentation purposes due to
the presence of a well defined peak in the 650 meV data at
all temperatures probed. An increase in multiple phonon
scattering would manifest as differing y-intercepts at each
temperature. The data is in good agreement at low mo-
mentum transfers indicating no observable enhancement
or change of multiple phonon scattering with increased
temperature. Normally one would expect the y-intercept
in all cases to be zero, however here no explicit back-
ground subtraction has been carried out, leading to the
non-zero value extrapolated here. The plot in Fig. 10 is
selected for a particular and representative energy range.
However, all other peaks were observed to show a lack of
a temperature dependence in the limQ→0 as shown here.
There are several possible reasons why this difference
between neutron and Raman techniques might be ob-
served. Firstly, Raman spectra are strictly at |Q| = 0,
whereas inelastic neutron scattering integrates and aver-
ages over all |Q| as discussed above owing to kinemat-
ics and powder averaging. This means that an effect
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FIG. 10. Data collected at 650 meV, integrated over an en-
ergy range of 175-200meV and plotted against |Q|2. A dotted
line is plotted as a guide to the eye.
at other positions in momentum, for example the zone
boundary, could cause the momentum averaged energy
width to be increased more than what is measured at a
single wavevector like with Raman spectroscopy at ~Q=0.
Secondly, the inelastic neutron spectra are dominated by
hydrogen, whereas Raman is more sensitive to heavier el-
ements, meaning that neutron scattering disproportion-
ately samples the motions on the hydrogen sites. This is
further confirmed by the sensitivity of these high energy
excitations to recoil effects at large momentum transfers
and scattering angles as discussed above. We discuss
these two possibilities in more detail below in the discus-
sion section.
There is the possibility Raman techniques preferen-
tially measure molecules close to the surface (see for ex-
ample surface enhanced spectroscopy discussed in Ref.
49), whereas inelastic neutron scattering considers the
bulk system. However, while surface over bulk differences
have been suggested in the organic-inorganic perovskites
(for example the effect of dimensionality discussed in Ref.
50), this latter possibility is unlikely in this case given
that surface-enhanced Raman spectroscopy in molecular
systems and liquids has typically resulted in a broaden-
ing of linewidths or intensity enhancement at the surface.
We observe the reverse case with the Raman measure-
ments being more well defined in energy than the bulk
neutron scattering technique. The agreement between
neutron and Raman at lower energies also does not sug-
gest a near surface versus bulk difference for neutron and
Raman spectra noted here.
III. DISCUSSION
We have presented results from both a neutron low-
energy and high resolution quasielastic scattering study
and high energy neutron spectroscopy measurements.
The low energy neutron experiments performed on IRIS
probes the single atom motions with a range of energy
8scales whereas the higher energy inelastic data, obtained
on MAPS and compared with Raman spectroscopy, mea-
sures harmonic modes of the molecules. We have focussed
on the internal molecular motions at energies above ∼
100 meV.
The quasielastic neutron scattering from IRIS is unable
to provide any conclusive information on the exact molec-
ular jump model given the limited range in momentum
forced by kinematics of neutron scattering. However, by
applying arguably the simplest model of free motion on a
sphere we observed changes in the quasielastic linewidth
at the 150 K phase transition, and the appearance of the
second, broader in energy contribution at higher temper-
atures. This indicates a rotational mode active in the low
temperature phase and a second faster energy scale that
becomes active at the phase transition to the tetragonal
phase32,42. We also observe a precipitous increase in the
number of active molecules at ∼ 150 K indicative of an
increase in local molecular disorder as temperature is in-
creased. This is corroborated by diffraction studies9–11,
NMR studies51 and computational investigations17,52.
A similar result is obtained from our spectroscopic
study of the internal molecular motions obtained us-
ing a combination of the inelastic neutron scattering
and Raman spectroscopy on MAPS. The energy loca-
tions and the temperature dependence of the Raman
data presented are generally in agreement with previ-
ous studies32,33,43–46. At low energies below ∼ 50 meV,
Raman and neutron spectroscopy are in agreement with
both showing a significant temporal broadening of the
excitations upon heating from the orthorhombic phase,
indicative of faster fluctuations with shortened lifetimes.
This is corroborated by the quasielastic neutron data
probing molecular motions discussed above. However,
Raman and neutron spectroscopy show differences at
higher energies with neutron spectroscopy measuring
broadened linewidths of internal molecular motions. This
broadening is indicative of an increased distribution of
energy scales for these motions.
As discussed above, this difference can be explained
by either noting that neutron spectroscopy is preferen-
tially sensitive to hydrogen motions given the large cross
section over other heavier atoms or the averaging over
all momentum in contrast to the fact that Raman only
probes |Q|=0. Given that electronic bandstructure may
indicate a preferential coupling between lattice and elec-
tronic degrees of freedom at non zero |Q|15,53, it maybe
expected that there might be a coupling of these internal
modes at regions away from the zone center. However,
these high energy internal molecular excitations are asso-
ciated with excitations which are highly localized in real
space and therefore are expected to show no momentum
dependence. We therefore associate the difference be-
tween Raman and neutron results at high temperatures
due to the dominance of the hydrogen cross section in
neutron spectroscopy. This would indicate a distribution
of crystalline electric fields for the hydrogen resulting in a
corresponding spread in energy scales for the molecular
motions involving them. Theoretically, such a scenario
has been predicted as outlined in Ref. 54, and the impor-
tance of hydrogen bonding within this system has been
previously discussed in Ref. 17, in line with our findings.
The suggestion that the molecular cation in the system
is experiencing a range of different local environments is
supported in other experimental studies: ARPES stud-
ies of MAPbBr3 find both centrosymmetric and non-
centrosymmetric domains in the crystal, which persist
throughout the low temperature phase55. This effect has
also been reported for other phases of MAPbBr3 and
MAPbI3, which reports that symmetry breaking domains
survive past the phase transition between the cubic and
tetragonal phases both when heated and cooled16,56. Ad-
ditionally, significant disorder on the halide site has also
been reported in diffraction results for MAPbI3
57; such
disorder may influence local hydrogen crystalline electric
field environments.
It is clear that the onset of molecular dynamics at
150 K results in a large scale dynamic molecular disorder
of the entire crystal. This is evidenced from both the on-
set of dynamic sites found with low-energy quasielastic
neutron scattering and also the presence of a distribution
of environments for the hydrogen site. This has been
previously discussed theoretically, with the system be-
ing compared to plastic crystals54, and the term “glassy
disorder” was coined to describe the molecular motions
in the low temperature phase58. However, the present
results imply that the change in dynamics between the
orthorhombic and tetragonal phases is more akin to a
orientational melting analogous to that in the smectic to
nematic transition in liquid crystals and, more precisely,
the order-disorder transitions reported in minerals such
as calcite59.
We shall now discuss the implications of these findings
on the electronic properties of this material. The key
contributions to the edges of the band structure come
from the hybridization of the 5p orbitals of iodine and 6s
orbitals of lead for the valence band, and the empty 6p or-
bitals of lead for the conduction band5,60. While the MA
cation does not contribute directly to the band structure,
the coupling between the motion of the molecule and the
structure of the inorganic components makes it a key in-
fluence upon the electronic response, and hence upon the
photovoltaic properties.
Therefore, the observed difference in the dynamics of
the system between low and high temperature structural
phases implies that there will be a linked change in the
electronic and photovoltaic properties. Photolumines-
cence spectra results show that there is a change in the
energy of the maximum photoluminescence intensity at
the 150 K transition61, in agreement with the observation
made here that the key change in whole body molecular
dynamics is at this temperature. This suggests that it
is the whole body rotations of the MA cation and their
interactions with the surrounding inorganic framework12
that is key to understanding the photovoltaic properties.
However, it is important to note that the change in pho-
9toluminescence observed at 150 K is not large.
Further to these observations of the photovoltaic prop-
erties, studies have also identified a coupling between the
cation rotation to the quasiparticle band gap of the sys-
tem, through hydrogen bonding between the cation and
inorganic cages. The hydrogen bonding has been iden-
tified as strongly linked with the octahedral tilts of the
system, and the phase transitions within the system, with
the hydrogen bonding stronger in the low-T phase where
the molecular motion is lower17,18,22,62. Due to the fact
that the structure is so heavily dependent on the cation
dynamics, this then influences the band gap of the sys-
tem, with the states near the top of the valence band
stabilized by the octahedral tilting in the low tempera-
ture phase with fewer cation dynamics12,17,18.
Additional evidence showing that the coupling between
molecular motions and electronic properties is relevant
for the photovoltaic properties, it has also been found
that the cation dynamics provides screening which pro-
tects the energetic carriers13. This implies that, from the
results presented here, the assumption can be made that
the low temperature phase has least carrier protection
and thus the carriers are less long-lived. Also, a large
Rashba splitting55 resulting from a breaking of inversion
symmetry and strong spin orbit coupling56 has been re-
ported. Our results suggest that it is not only the lead
halide framework coupled to electronic properties61, but
also the molecular motions.
IV. CONCLUSION
In conclusion, we have reported two neutron scattering
studies which show that there is a significant change in
the molecular dynamics of the MA cation in MAPbBr3
as temperature is increased from the orthorhombic phase
to the higher temperature structural phases. We have
used quasielastic neutron scattering data to establish
that whole body molecular dynamics are activated at
150 K. From a comparison of Raman and high energy
inelastic neutron scattering and Raman, the significance
of the local environment around the hydrogen sites is im-
plicated pointing to the importance of hydrogen bonding
to the properties of the system. It is known that the
motion of the MA cation is able to strongly influence
the photovoltaic properties through interactions with the
surrounding PbBr3 octahedra
5,12,13. The onset of rota-
tional motion agrees with an observed feature in the pho-
toluminescence data61, supporting the observation that
the behavior of the organic cation is key to understanding
the photovoltaic and optic properties of this compound.
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